AND EDMUND
Iif. SONNENBLKK. Lactate and fyruvate kinetics in Z'SOla&perfused rat hearts. Am. J, Physiol. 2 17 (6) : 1752-I 756. 1969.-Myocardial lactate and pyruvate kinetics have been studied by measuring their concentrations in arterial, venous, and tissue samples from isolated rat hearts perfused with different concentrations of single substrates. The relative efflux rates of pyruvate were found to be 10 times greater than those of lactate, An approximately direct relationship between arterial and tissue concentrations of lactate resulted from perfusing with different concentrations of lactate; however there was a point of equilibrium between the lowest arterial concentrations where net efflux of lactate occurred, and higher concentrations where net influx occurred. Insofar as lactate is almost completely ionized at physiological pH, the intracellular concentrations of lactate at this point of equilibrium and during net influx appeared to be higher than would have been predicted on the basis of pasive diffusion. Compartmentalization of lactate within the cell is postulated as the most likely explanation for these findings, taken together. membrane transfer THE CORRELATION of myocardial hypoxia with lactate production has formed the basis of a useful clinical tool in the investigation of myocardial ischemia (7, 11, 13) . However, the theoretical background to this empirical observation is complex and the limiting conditions within which lactate production invariably indicates cellular hypoxia have not been clearly defined.
It has been shown experimentally that the Xactate-topyruvate (L/P) ratio, which reflects the redox potential in the cytoplasm, may not always represent the redox potential within the mitochondria (15). Small concentrations of pyruvate are difficult to measure, and in clinical practice a changing L/P ratio across the heart has not proved as useful an index of myocardial ischemia as the demonstration of lactate production (7). Hypoxia, as well as increasing the L/P ratio, will also increase the rate of gIycolysis and decrease the rate of pyruvate oxidation (16); this effect will thus be amplified in the resultant increase in intracellular lactate concentration. Whether or not there is then net efflux of lactate will depend also on the arterial concentration of lactate and on its movement across the cell and capillary membranes.
It has generally been assumed that lactate and pyruvate freely and equally permeate cell membranes by passive diffusion (9), so that changes in their intracellular levels will be reflected by similar changes in the blood. However Huckabee (12) has suggested that there may be a difference in the permeability of lactate and pyruvate across erythrocyte membranes. Moreover, Glaviano (5) showed that the tissue lactate concentration in intact dog hearts remained the same independent of arterial levels, aIthough racemic lactate was used in this study. A gradient has been demonstrated between skeletal muscle and blood lactate concentrations in man, both at rest and after exercise (l), and aqueous concentrations of lactate have been found to be higher in cerebrospinal fluid than in arterial blood or brain tissue (6). Furthermore, the L/P ratio has been noted to be 3 times higher in the tissue of isolated perfused rat hearts than in the perfusate (4). Accordingly, the present study of lactate and pyruvate kinetics was undertaken to examine some of these essential assumptions.
METHODS
Hearts from fed male Sprague-Dawley rats (180-250 g) were perfused by the Langendorff method, as previously described (2) in an arterial sample, in two venous effluent samples collected at 9 and 9.5 min of perfusion (averages given), and in the tissue sample which contained both ventricles and was taken at 10 min. ). This value for the total extracellular space of the tissue samples includes not only the interstitial and vascular fluid but also a visible excess of venous effluent which would have been trapped within the ventricular and atria1 cavities and on the surface of the heart by freezing (14). The dry-to-wet weight ratio of the tissue samples was 14.4 =t 0.34% (N = 13). The dry heart-to-body weight ratio was 0.057 & 0.0008 % (N = 31).
RESULTS
Tissue aqueous concentrations (C,) have been derived from tissue concentrations (CM) by correction for dry weight (C, = 1.17 C,). intracellular fluid concentrations (CICF) have been calculated by correction for the total extracellular fluid (ECF) component, as represented by the inulin space, assuming that the average ECF concentration (C&J was equal to the venous concentration (C,), CC XCF = (85.6 CT -56 C,) + 29.6). Efflux rates have been calculated from arteriovenous differences multiplied by the coronary floti rate, and the results expressed per unit of dry weight of the heart, as estimated from body weight.
Efflux rates are considered only in those experiments where the arterial concentration of the respective substrate was zero, to minimize the errors of the assay.
Arterial, venous, and tissue aqueous concentrations of lactate and pyruvate in each group are given in Table  1 . The net efflux rates of lactate and pyruvate were linearly related to their tissue aqueous (r > 0.9) and intracellular concentrations (r > 0.9 and 0.89) where their respective arterial concentrations were zero. However, the relative efflux rate of pyruvate was more than 10 times greater than that of lactate, linear regression analysis showing that the slopes of efflux rates related to intracellular concentrations differed by 15 times (P < 0.001) (Fig, 1) .
With increasing arterial lactate concentrations from 0 to 10 mM, venous and tissue aqueous lactate rose in a nearly linear fashion (Fig. 2) must include the point of equilibrium, was CICF lower than CA; at its lowest, the CICF : C, ratio was 1.6 : 1 and at the estimated point of equilibrium it was 2: 1 ( Fig. Z) , thus exceeding by 16-20 times the value predicted on the basis of simple passive diffusion of ionized lactate. Similarly CT was higher during net influx than would have been predicted. Since ICF comprised 35 % of total water in the tissue samples, the predicted CT should at equilibrium be 68.5 % of CA (since CT = (65 CA + (35/10) C,) +-100) and therefore less than 68.5 % of CA in the presence of a downhill gradient necessary for passive influx to occur. CT was in fact found to be greater than 90 % of C, during net influx (experiments no. 3-6).
Consideration 
DISCUSSION
The present study was designed to investigate the kinetics of lactate and pyruvate movement across the heart. Apparent differences in the relative rates of efflux of lactate and pyruvate from the myocardium were found. Further consideration of the data shows also that the concentrations of lactate found within the cell during net influx and at equilibrium were higher than would have been predicted on the basis of uncomplicated passive diffusion of ionized lactate.
A difference in cell or capillary membrane permeability to lactate and pyruvate could account for the observed differences in relative efflux rates, but is unlikely in view of the similarity of the molecules, and does not explain the unexpectedly high intracellular concentrations of lactate found.
The possibility that lactate transport is carrier mediated cannot however be excluded since this could explain both the relatively high intracellular concentrations and the relatively low net efflux rate of lactate. An alternative hypothesis is that the cell contained more lactate than was effectively available for passive movement
